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ABSTRACT 
The research effort in field ion microscopy to date is briefly 
reviewed. Significant advances include: (a) development of con- 
siderably improved image resolution through the use of fiber optics, 
(b) an improved method for indexing field ion micrographs, (c) accu- 
rate computer simulation of the image using new criteria, 
secting several crystallographic planes on a field ion tip, (e) com- 
puter simulation of a variety of dislocation images in FCC crystals, 
and (f) and analysis of short- and long-range order in Ni-Mo alloys. 
Future research proposed is: (a) an extension of computer sim- 
ulation studies of defects in BCC and HCP crystals, (b) computer simu- 
lation of partial dislocations and stacking faults in FCC crystals, 
(c) combined experimental and computer simulation studies of quenched- 
in defects in platinum. 
(d) com- 
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I .  I n t r o d u c t i o n  
The a u t h o r  f e e l s  t h a t  t h e  r e s e a r c h  program under t aken  w i t h  t h e  
p r e s e n t  g r a n t  from NASA h a s  been ve ry  f r u i t f u l  t o  d a t e .  A l l  of  t h e  
s u g g e s t e d  s t u d i e s  c i t e d  i n  t h e  o r i g i n a l  p r o p o s a l  have n o t  been a t -  
L _  ~e111ptt.d Kiwi: have all ~f the i d e a s  S X ~ ~ S S S C ~  t h ~ r c  bee:: ~ ~ b ~ t a f i t i e t ~ ? d .  
A good p o r t i o n  of  t h e  proposed r e s e a r c h  h a s ,  however, e i t h e r  been 
comple ted  or is underway a t  p r e s e n t .  I n  a d d i t i o n  some new a r e a s  
have been  added t h a t  were n o t  o r i g i n a l l y  a n t i c i p a t e d .  
For t h e  sake of c l a r i t y  and c o n c i s e n e s s  t h i s  r e p o r t  w i l l  be 
w r i t t e n  under  t h e  t o p i c s  sugges t ed  by t h e  f o l l o w i n g  f o u r  q u e s t i o n s :  
1. What was o r i g i n a l l y  proposed? 
2.  What h a s  a c t u a l l y  been done? 
3.  What i s  t h e  c u r r e n t  s t a t u s  of t h e  r e s e a r c h  program? 
4 .  Where shou ld  w e  now proceed? 
11. The O r i g i n a l  P r o p o s a l  
The p r i n c i p a l  a i m  of t h e  i n i t i a l  p r o p o s a l ,  under  which t h i s  
g r a n t  w a s  o b t a i n e d ,  was t o  s t u d y  d e f e c t  s t r u c t u r e s  i n  i o n  e m i s s i o n  
images of metals  and t o  i n v e s t i g a t e  t h e  stress d i s t r i b u t i o n  i n  a 
specimen under  imaging c o n d i t i o n s .  I t  was s u g g e s t e d  t h a t  b a l l  
models and/or  computer models cou ld  be used  t o  s i m u l a t e  d e f e c t s  and 
these compared w i t h  expe r imen ta l  images.  Var ious  t y p e s  of p o i n t ,  
l i n e ,  and p l a n a r  d e f e c t s  c o u l d  be e x p e r i m e n t a l l y  o b t a i n e d  by s u i t -  
a b l e  specimen t r e a t m e n t ,  and t h e s e  images a n a l y z e d  i n  d e t a i l .  
The stress d i s t r i b u t i o n  was t o  be  s t u d i e d ,  t o  t h e  f i r s t  ap- 
p r o x i m a t i o n ,  by u s i n g  t h e  Moire/ method on two d imens iona l  models 
w i t h  a f o r c e  d i s t r i b u t i o n  co r re spond ing  approx ima te ly  t o  t h a t  en- 
c o u n t e r e d  i n  iiiiaging. 
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I n  a d d i t i o n ,  a n  improved image r e c o r d i n g  d e v i c e  ( a f i b e r  o p t i c  
s c r e e n )  w a s  s u g g e s t e d .  A l iqu id-he l ium-cooled  c r y o s t a t  was t o  be 
i n c l u d e d  i n  t h e  microscope i n  t h i s  l a b o r a t o r y .  
111. The Research t o  Date  
We w i l l  no t  r e p e a t  i n  d e t a i l  t h e  r e s u l t s  g i v e n  i n  o u r  first 
semiannual  p r o g r e s s  r e p o r t  nor  t h e  three p u b l i c a t i o n  p r e p r i n t s  which 
of  a s  1-4 5-7 have a l r e a d y  been forwarded .  Three  f u r t h e r  p r e p r i n t s ,  
y e t  u n r e p o r t e d  work, a r e  b e i n g  s u b m i t t e d  a l o n g  w i t h  t h i s  r e p o r t .  A 
g e n e r a l  summary of t h e  s i g n i f i c a n c e  of  t hese  r e s u l t s ,  however, i s  
p r o b a b l y  u s e f u l .  
A .  F i b e r  O p t i c s  and Image Record ing  
A f i b e r  o p t i c  window s i m i l a r  to t h e  one o r i g i n a l l y  proposed ,  
b u t  w i t h o u t  t h e  cu rved  i n s i d e  f a c e ,  was o b t a i n e d  from U n i v e r s i t y  
o f  F l o r i d a  funds  a f t e r  having  been deleted from t h e  p r e s e n t  g r a n t  
b u d g e t .  Because it was made t o  order i t  was n o t  d e l i v e r e d  u n t i l  
Augus t ,  1966. R e s u l t s  o b t a i n e d  w i t h  i t  were ve ry  s t r i k i n g  (see 
r e f e r e n c e s  1 and 2 )  n o t  s imply  because  of t h e  good pho tograph ic  
t e c h n i q u e ,  b u t  because  i t  provided  r e s o l u t i o n  of a toms i n  a r e a s  of 
t h e  image t h a t  was n o t  o t h e r w i s e  o b t a i n a b l e .  Thus,  i n f o r m a t i o n  
abou t  d e f e c t s ,  r e l a t i v e  i n t e n s i t y ,  k i n d s  o f  a toms imaging,  e t c .  
c a n  now be o b t a i n e d  where it cou ld  n o t  be p r e v i o u s l y .  T h i s  r e c o r d -  
i n g  t e c h n i q u e  is  now commonly employed h e r e  on a l l  e x p e r i m e n t a l  
images.  
B. ComDuter S i m u l a t i o n  of t h e  Image 
1. The P e r f e c t  C r y s t a l  
I n  order t o  p r e d i c t  how images of d e f e c t s  s h o u l d  a p p e a r ,  or 
c o n v e r s e l y  t o  a n a l y z e  those images o b t a i n e d  e x p e r i m e n t a l l y ,  t h e  
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imaging c o n d i t i o n s  i n  a p e r f e c t  c r y s t a l  must be unde r s tood .  A .  J .  W .  
Moore had e a r l i e r  proposed a " s h e l l  model" a s  a c r i t e r i o n  f o r  i m -  
a g e  s i m u l a t i o n  w i t h  a computer ,  b u t  h e  h a s  n o t  p u b l i s h e d  f u r t h e r .  
The r e s u l t  he o b t a i n e d  were v e r i f i e d  i n  t h e  p r e s e n t  program. 
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t o  u n d e r s t a n d  t h e  p h y s i c a l  b a s i s  f o r  t h e  o b v i o u s l y  good q u a l i t a t i v e  
agreement  w i t h  expe r imen t .  I t  w a s  f i n a l l y  concluded  t h a t  e x a c t  a g r e e -  
ment ( i * e . ,  image p o i n t  f o r  image p o i n t )  between exper iment  and t h e  
computer r e s u l t s  was no t  a t t a i n a b l e  u n l e s s  t h e  environment of each  
s u r f a c e  atom w a s  c o n s i d e r e d .  Using a model based on t h e  number and 
k i n d  of  n e i g h b o r s  (up  th rough  s i x t h )  of  each  s u r f a c e  atom, i t  was 
shown t h a t  eve ry  image p o i n t  could  be s i m u l a t e d ,  a t  l e a s t  o v e r  a 
smal l  r e g i o n  of  t h e  s u r f a c e .  The r e s u l t s  of  t h i s  s t u d y  t o  d a t e  a r e  
d e s c r i b e d  i n  d e t a i l  i n  r e f e r e n c e s  1 and 4.  T h i s  model h a s  been 
dubbed t h e  "neighbor"  model f o r  b r e v i t y  and t o  d i s t i n g u i s h  it from 
Moore ' s " s h e l l "  model 
n C .  The h i p e r f e e t  C r y s t a l  
S i n c e  t h e  s h e l l  model g i v e s  good q u a l i t a t i v e  r e s u l t s  and is  
e a s i l y  a p p l i e d ,  even t o  a n  image c o n t a i n i n g  d e f e c t s ,  i t  was used  
a s  a t e s t  o f  a t h e o r y  proposed by Pash leyg  and Ranganathan.  
T h i s  t h e o r y  p roposes  c r i t e r i a  f o r  t h e  r e s u l t s  o f  t h e  i n t e r s e c t i o n  
of any c r y s t a l l o g r a p h i c  p l a n e  of a f i e l d  i o n  specimen by a d i s l o c a -  
t i o n  of  a r b i t r a r y  Burge r s  v e c t o r .  The component of  t h e  Burge r s  
v e c t o r  normal t o  t h e  p l a n e  i n  q u e s t i o n  s h o u l d  g i v e  r i s e  t o  a s p i r a l  
of some i n t e g r a l  number of  l e a v e s  t h a t  c a n  be computed. Appl ica-  
t i o n  of t h e  " s h e l l "  model t o  t h e  c a s e  of a screw d i s l o c a t i o n  i n t e r -  
s e c t i n g  a l a r g e r  number of d i f f e r e n t  c r y s t a l l o g r a p h i c  p l a n e s  h a s  
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c o m p l e t e l y  v e r i f i e d  t h e  hypotheses  and expanded t h e i r  u t i l i t y .  T h i s  
work is t h e  s u b j e c t  matter of r e f e r e n c e  6 e n c l o s e d .  
s i m u l a t i o n  w a s  t h e n  c a r r i e d  f u r t h e r  t o  a n a l y z e  d i s l o c a t i o n  c o n f i g u r -  
a t i o n  o f  v a r i o u s  k i n d s  a t  a number of  d i f f e r e n t  c r y s t a l l o g r a p h i c  
The computer 
ur-ienia i i v n s  in FCC i i i Z l t e i - i Z l S .  Seiiei-Zl expei-iiiieiital iiiiages of de- 
f e c t s  were ana lyzed  i n  d e t a i l  w i th  n e a r l y  one t o  one agreement .  
T h i s  work is t h e  s u b j e c t  matter of  r e f e r e n c e  7,  e n c l o s e d .  I t  seems 
q u i t e  e v i d e n t  t h a t  t h e  long-range e f f e c t s  of d i s l o c a t i o n s  i n  t h e  
image c a n  now be a c c u r a t e l y  p r e d i c t e d  and ,  c o n v e r s e l y ,  d i s l o c a t i o n s  
may be i d e n t i f i e d  from t h e i r  images. 
C .  A t o m i c  Order  i n  N i - M o  A l l o y s  
More by chance  t h a n  by d e s i g n ,  a s t u d y  of s h o r t -  and long-  
r a n g e  o r d e r  (SRO and LRO) i n  Ni-Mo a l l o y s  was i n i t i a t e d .  O r i g i n a l l y ,  
a specimen of N i  - 14  a/o Mo was imaged o n l y  t o  a i d  t h e  r e s e a r c h  of  
t h e  d o c t o r a l  program o f  B.  G .  LeFevre.  T h i s  d i s s e r t a t i o n  was con- 
c e r n e d  w i t h  t h e  "K-effect"  ( s e e  r e f e r e n c e  7 )  i n  t h e  Ni-Mo sys tem.  
i t  -was hoped AI-  at surne d i r e c t  ev idence  for SRO could  be d e t e c t e d .  
I n  f a c t ,  t h e  a l l o y  y i e l d e d  ex t remely  i n t e r e s t i n g  r e s u l t s .  The 
development of  SRO i n  t h e  FCC a-phase a p p a r e n t l y  does  n o t  proceed  
a s  w a s  thought--by s m a l l  domains of LRO n u c l e a t i n g  and growing-- 
b u t  r a t h e r  o c c u r s  a s  a homogeneous p r o c e s s .  S t o i c h i o m e t r i c  N i 4 M o  
( p )  was a l s o  s t u d i e d  a s  a s t a n d a r d  by which t o  r e c o g n i z e  o r d e r  i n  
t h e  a -phase .  I t  produced images i n  t h e  f u l l y  o r d e r e d  (LRO) s t a t e  
t h a t  a re  among t h e  best  so f a r  o b t a i n e d  (see r e f e r e n c e s  1, 2 and 7 ) .  
Although i t  was n o t  i n t e n d e d  t o  s t u d y  t h i s  a l l o y  e x t e n s i v e l y ,  i t  




D .  Index ing  of Images 
I n  t h e  c o u r s e  of s t u d i e s  on p l a t inum and ordered Ni-Mo a l l o y s  
i t  became c l e a r  t h a t  t h e  o r i e n t a t i o n  r e l a t i o n s h i p s  of  d i s t o r t e d  
and/or  incomple te  images were ra ther  d i f f i c u l t  t o  d e t e r m i n e .  A f t e r  
m i q r - i m m  +La n.rhinn+ c n m n  c C i r r l . r i  +Ln m . n n n n A . - - e  A f i - n - ; k n A  
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3 was developed  and has s i n c e  been s u c c e s s f u l l y  employed i n  many 
images.  I t  is a s i m p l e  and s t r a i g h t f o r w a r d  method, b u t  h a s  n o t  
been p r e v i o u s l y  r e p o r t e d  and o f f e r s  c o n s i d e r a b l y  more accu racy  t h a n  
o t h e r  methods i n  u s e .  
E .  The Microscope 
The o r i g i n a l l y  i n t e n d e d  l iqu id-he l ium-cooled  microscope was 
abandoned when i t  w a s  found p o s s i b l e  t o  u s e  a Joule-Thompson 
(gaseous-expans ion)  d e v i c e  c a p a b l e  of a t t a i n i n g  1 6 O ~ .  
h a s  been  i n c o r p o r a t e d  i n t o  a s t a i n l e s s - s t e e l  microscope body, which 
was d e s c r i b e d  i n  r e f e r e n c e  1. There  i s  v i r t u a l l y  no r i s k  i n  u s i n g  
l i qu id -hydrogen  c o o l i n g  w i t h  t h i s  a r rangement ,  s i n c e  t h e  hydrogen 
-- i n  B closed c i r c u i t .  T h e r e  m e  many o t h e r  conven iences  a s so -  
c i a t ed  w i t h  t h e  u s e  of  t h i s  d e v i c e ,  which a r e  now w e l l  known. 
Except  for  ve ry  s p e c i a l  pu rposes ,  t he re  seems t o  be no p r e s s i n g  
r e a s o n  t o  go t o  any o t h e r  method f o r  FIM work. 
T h i s  d e v i c e  
F .  S h o r t  Course on F i e l d  I o n  Microscopy 
A t  t h e  beg inn ing  of t h i s  g r a n t  (March 1966) a n i n e  day s h o r t  
c o u r s e  w a s  h e l d  under  t h e  a u t h o r ’ s  d i r e c t i o n  here a t  t h e  U n i v e r s i t y  
of F l o r i d a .  Although t h i s  d i d  n o t  d i r e c t l y  conce rn  t h e  p r e s e n t  
g r a n t ,  i ts  e f f e c t  w a s  i n d i r e c t l y  v e r y  s i g n i f i c a n t .  
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L e c t u r e r s  who a t t e n d e d  t h e  c o u r s e  were a s  f o l l o w s :  
P r o f .  E .  W. Mueller  
Dr. S .  S .  Brenner  
Dr. A .  J. W .  Moore 
Dr. B .  Ralph 
Dr. M .  J .  Southon 
D r .  A .  J .  Melmed 
ilrr. S .  Banganaihan 
P r o f .  J .  G a l l i g a n  
Dr. D.  G .  Brandon 
I n  a d d i t i o n  t o  some twen ty - f ive  s t u d e n t s  i n  a t t e n d a n c e  from 
v a r i o u s  l a b o r a t o r i e s  th roughout  t h e  Un i t ed  S t a t e s ,  n e a r l y  a l l  of  
t h e  l e c t u r e r s  s p e n t  t h e  e n t i r e  p e r i o d  here. D r .  Moore remained 
6 weeks. I n  g e n e r a l  there  w a s  a ve ry  e x c e l l e n t  i n t e r c h a n g e  of 
i d e a s  and i n f o r m a t i o n  d u r i n g  t h e  i n f o r m a l  l a b o r a t o r i e s  and even- 
i n g  s e s s i o n s  among a l l  p a r t i c i p a n t s .  I t  is  no e x a g g e r a t i o n ,  I 
t h i n k ,  t o  s a y  t h a t  t h e  l e c t u r e r s  d e r i v e d  a s  much b e n e f i t  from t h e  
c o u r s e  a s  t h e  s t u d e n t s .  A very d i r e c t  e f f e c t  of t h e  d i s c u s s i o n s  
among t h e  l e c t u r e r s  was some e x c e l l e n t  c r i t i c i s m  of  t h e  v a r i o u s  
research e f f o r t s  i n  t h e  f i e l d  a s  a whole. I t  is  d i f f i c u l t  t o  
assess  t h e  t o t a l  t a n g i b l e  i n f l u e n c e  of this 011 Oui' own r e s e a r c h  
e f f o r t ,  b u t  i t  is  probably  e q u i v a l e n t  t o  a man y e a r  of m i s d i r e c t e d  
e f f o r t  s p a r e d .  The l e c t u r e s ,  i n c l u d i n g  my own, a r e  i n  t h e  f i n a l  
s t a g e s  of p r e p a r a t i o n  f o r  p u b l i c a t i o n  a s  an  i n t r o d u c t o r y  book on 
f i e l d  i o n  microscopy.  I t  is t o  be p u b l i s h e d  by Plenum P r e s s .  
I V .  C u r r e n t  and F u t u r e  Research 
Because of  t h e  s u c c e s s  of t h e  computer s i m u l a t i o n  t e c h n i q u e  t o  
d a t e ,  i t  is b e i n g  pushed v e r y  hard a t  p r e s e n t .  S p e c i f i c a l l y ,  s e m i -  
q u a n t i t a t i v e  images of  p a r t i a l  d i s l o c a t i o n s  and s t a c k i n g  f a u l t s  
emerging a t  v a r i o u s  c r y s t a l l o g r a p h i c  s u r f a c e s  i n  FCC a r e  b e i n g  
s t u d i e d .  A g e n e r a l  p a t t e r n  seems t o  be  emerging,  s t a r t i l n g  from 
P a s h l e y ' s  and Ranganathan ' s  o r i g i n a l  p r o p o s a l s .  '"O 
HCP s t r u c t u r e s  a r e  a l so  b e i n g  s t u d i e d ,  b u t  t h i s  work has  j u s t  be- 
gun. 
The BCC and 
B a l l  models a r e  now used  only s p a r i n g l y ,  a s  u s e f u l  means of  
a r i a r y v r r r g  - - -1- - - i - -  -n*+nn+ pur A Y V  v n y . X r c + Q I  V- J Y w-- - -=-  Inaranhir - F y + y  c i i r f a r ~ c - - ~ c ~ ~ ~ i ~ 1 1 ~  -__ -_ _  high_ index
p l a n e s .  I n  a word, b a l l  models canno t  compete f o r  e f f i c i e n c y  w i t h  
a computer program p r o p e r l y  dev i sed  and execu ted .  
The s t u d y  of long-range o rde r  is be ing  pursued  b o t h  i n  N i  Mo 4 
and o t h e r  a l l o y  s y s t e m s .  Although i t  was n o t  o r i g i n a l l y  p lanned  t o  
do t h i s ,  t h e  s p l e n d i d  image q u a l i t y  of N i  Mo o f f e r s  a un ique  oppor- 
t u n i t y  t o  make a major c o n t r i b u t i o n  t o  t h e  u n d e r s t a n d i n g  of  a tomic  
o r d e r .  I t  a l s o  a p p e a r s  t h a t  t h e  a tomic  s p e c i e s  may be d i s t i n g u i s h -  
ab le  by d i f f e r e n c e .  An i n t e r e s t i n g  r e s u l t  t h a t  is  a l r e a d y  q u i t e  
a p p a r e n t ,  i s  t h a t  t h e  c r y s t a l  f a c e t s  which deve lop  on t h e  end form 
of  a FIM specimen a re  h i g h l y  s e n s i t i v e  t o  t h e  c r y s t a l l i n e  symmetry. 
That  is, i n  going  from d i s o r d e r  t o  f u l l  LRO, t h e  c r y s t a l  s t r u c t u r e  
g o e s  from a FCC col ic!  s o l u t i o n  t o  a RCT s t r u c t u r e .  T h i s  is accom- 
p l i s h e d  by o n l y  a s l i g h t  c o n t r a c t i o n  (1% i n  t h e  c d i r e c t i o n  and 1/2$ 
i n  t h e  t w o  a d i r e c t i o n s )  r e l a t i v e  t o  t h e  o r i g i n a l  FCC s t r u c t u r e .  
Y e t  t h e  i n d e x i n g  of  t h e  c r y s t a l l o g r a p h i c  p l a n e s  is d r a s t i c a l l y  a l -  
t e r e d .  For  example,  c e r t a i n  p l a n e s  a re  p r e s e n t  i n  t h e  BCT t h a t  a r e  
n o t  i n  FCC e t c  . T h i s  a p p e a r s  a l s o  t o  be t h e  case f o r  Copt ,  f o r  
which a good d e a l  of  l i t e r a t u r e  h a s  appeared  of  l a t e  ( l l - l 5 ) ,  b u t  
i t  h a s  n o t  been wide ly  r ecogn ized  a s  y e t ,  We a r e  r e a n a l y z i n g  t h e  
p u b l i s h e d  d a t a  on Copt a s  w e l l  a s  o u r  own d a t a  on Ni-Mo and hope t o  
have a p r e p r i n t  a v a i l a b l e  s h o r t l y  on t h e  c r y s t a l l o g r a p h y  o f  b o t h  





We have  n o t  done any stress a n a l y s i s  a t  a l l  t o  d a t e  and i t  
d o e s  n o t  appea r  t h a t  w e  w i l l  be a b l e  t o  b e g i n  i n  t h e  immediate 
f u t u r e .  
Work on secondary  d e f e c t s  i n  p l a t i n u m  h a s  proceeded t o  t h e  
stage -::here m c s t  cf t h e  transsiEsicn e l e c t r c n  rnicrcscq?y s l l r vey  
h a s  been comple ted ,  b u t  no r e s u l t s  a r e  a v a i l a b l e  y e t  w i t h  t h e  
FIM. 
a wide v a r i e t y  and d e n s i t y  of  secondary  d e f e c t s  i s  produced i n  P t .  
Be fo re  p roceed ing  t o  t h e  FIM, however, w e  wish t o  o b t a i n  a r eason-  
ab le  d e n s i t y  o f  d e f e c t  c l u s t e r s  and t o  be a b l e  t o  s a y  w i t h  some 
c e r t a i n t y  what t h e s e  a r e .  That is, w e  wish t o  make t h e  FIM i n t e r -  
p r e t a t i o n a l  problem a s  s t r a i g h t  forward  a s  p o s s i b l e  so t h a t  t h e  i n -  
t e r p r e t a t i o n a l  work 5’6 may be v e r i f i e d .  
t h e  a n a l y s i s  t o  d e f e c t s  t h a t  cannot  be unambiguously i d e n t i f i e d  w i t h  
t h e  e l e c t r o n  microscope ( e . g . ,  s m a l l  p o i n t  d e f e c t  c l u s t e r s ,  t e t r a -  
hed ra  and d i s l o c a t i o n  l o o p s ) .  
A f t e r  quenching from n e a r  t h e  MP and r e a g e i n g  a t  300° - 6oo0c, 
We t h e n  hope t o  ex tend  
SUMMARY 
The major o b j e c t i v e s  of  t h e  o r i g i n a l  r e s e a r c h  p r o p o s a l  have 
been and a r e  b e i n g  pursued w i t h  good s u c c e s s .  The i n t e r p r e t a t i o n  
of  d e f e c t  images i n  FCC m a t e r i a l s  is  w e l l  advanced and is now be- 
i n g  tho rough ly  t e s t e d  i n  p l a t inum.  The computer s i m u l a t i o n  pro-  
gram is b e i n g  expanded t o  i n c l u d e  BCC and HCP m a t e r i a l s  and s t a c k -  
i n g  f a u l t s  i n  FCC c r y s t a l s .  
. 
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